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                                           摘要 
摘 要 
为了改善气候条件并解决碳资源问题，需要开发能将 CO2 转化为有价值材
料的技术。CO2 加氢被认为是目前固定大量排放的 CO2 的 好方法之一。文献上
对 CO2 通过加氢合成甲醇已多有报道；而从 CO2 直接合成 DME 则是新近引起兴
趣的研究课题。CO2 是 稳定的化合物之一。 CO2 通过加氢合成甲醇（CO2 + 3H2 
= CH3OH + H2O, ΔG523 K = 46.4 kJ/mol）在热力学上是不利的；在工业上要求的反






Dubois 等证实，Cu/ZnO/Al2O3 同固体酸组合的确为 CO2 的加氢转化提供强的反
应推动力。Qi 等曾报道，HZSM-5 负载的 Cu-Mo 氧化物催化剂对 CO2 加氢显示
出高的活性和生成 DME 的选择性。然而从实用角度考虑，现有一些催化剂的活

























                                           摘要 
-氧化物-HZSM-5 双功能混合型催化剂(CuiZnjZrk-x%(y%Co/CNT))-z%HZSM-5。






1. Co-修饰 CNT 促进的 CuZnZr-氧化物–HZSM-5 双功能混合型催化剂上 CO2加
氢经甲醇串联催化一器化制 DME 的研究。 
将 CO2 加氢用的金属 Co 修饰碳纳米管（y%Co/CNT）促进的 Cu-Zn-Zr 基催





达到 5.62×10-3s-1，是相同条件下非促进的单功能原基质 Cu8Zn2Zr5 催化剂和非
促进的双功能催化剂 Cu8Zn2Zr5-40%HZSM-5 上的这个值(4.26×10-3s-1 和 4.96×1
0-3s-1)的 1.32 和 1.13 倍，在二氧化碳加氢产物中，二甲醚的选择性达到～80%，
时空产率可高达 343mg/(h⋅g-cat)。 
2. 双功能催化剂(CuiZnjZrk-x%(y%Co/CNT))-z%HZSM-5 的表征 
预还原催化剂的 H2-TPD 测试结果表明：添加一定量的分子筛之后，催化剂
吸附的弱吸附氢物种明显增加，弱吸附氢主要吸附在 HZSM-5 上，它对 CO2 加
氢反应没有促进作用，Co 修饰 MWCNTs 的加入增强了 H2分子在催化剂表面的
吸附活化，提高了氢物种在催化剂表面的浓度。在本文 CO2 加氢经甲醇制二甲
醚的反应温度范围内，工作态催化剂表面绝大部分吸附氢物种是强吸附氢物种，
3 种催化剂的 H2-TPD 峰的相对面积强度比为：S((Cu8Zn2Zr5-10%(4.5%Co/CNT)))
-40%HZSM-5)：S(Cu8Zn2Zr5-40%HZSM-5)：S(Cu8Zn2Zr5)=100:96:45。这个大小
顺序与这 3 种催化剂上 CO2 加氢的转化频率实验值的高低顺序相一致。 













                                           摘要 
-TPD 曲线出现两个 NH3 脱附峰，峰温位置分别为 433 K 和 753 K，它们分别对
应于 HZSM-5 分子筛表面的弱酸位和强酸位。可能由于同 Cu8Zn2Zr5-基催化加氢
组分之间发生一定程度的相互作用，与单纯的 HZSM-5 分子筛相比，其双功能
混合型催化剂高温峰区强酸位的酸强度有所下降（峰温位置从 753 K 下移至 63
3 K），但其数量大为增加。表面浓度高、强度适当的强酸位既有助于甲醇二聚
脱水反应，也有利于所生成的吸附水及时脱附、使表面酸性位得以再生。在本文
反应条件下起主要作用的，是与在 473~823 K 温度区间相对应的 NH3-脱附物种
相关的（强度在中强以上的）那些表面酸性位。3 种催化剂 NH3-TPD 曲线在该
温度区的相对面积强度比为 S((CuiZnjZrk-x%(y%Co/CNT)))-40%HZSM-5)：S(Cu8
Zn2Zr5-40%HZSM-5)：S(Cu8Zn2Zr5)= 100：95：33。这个大小顺序与这 3 种催化
剂上 CO2 加氢经甲醇制 DME 的选择性和产率的高低顺序相一致。 
反应后准工作态催化剂的 XRD 测试结果表明，除试样(Cu8Zn2Zr5-10%(4.5%
Co/CNT))-40%HZSM-5 含有 CNT（其 XRD 特征峰出现在 2θ = 26.1°）和试样 C
u8Zn2Zr5-10%(4.5%Co/CNT)-40%HZSM-5 和 Cu8Zn2Zr5-40%HZSM-5 都含有 HZS
M-5（其 XRD 特征峰出现在 2θ = 14.8°，23.0°，23.8°，29.2°，29.8°）之外，三
种催化剂在 2θ = 43.4°，50.4°和 74.1°处均出现强的 XRD 衍射峰，表明金属 Cu 
(Cux0)相的存在；催化剂 Cu8Zn2Zr5 在 2θ = 35.8°，38.8°处还出现中等强度的 XR
D 峰，这是 CuO 相存在的特征；三种催化剂在 2θ = 31.8°附近都出现弱而宽的
峰包，意味着 ZrO2 微晶相的存在不能排除；ZnO（可能还包括 Cu2O）的 XRD
特征峰并不出现在这些 XRD 谱中，暗示它们高度分散，其微晶相的含量在 XR
D 检测极限以下。 
反应后准工作态催化剂的 XPS 测试结果表明，3 种反应后催化剂试样的 Zn(2
p)和 Zr(3d)的 XPS 谱的谱峰位置及形状无明显差别。工作态催化剂表面 Cu 物种
主要是 Cu0 和 Cu+，3 种催化剂表面 Cu0 物种的相对含量高低顺序为：(Cu8Zn2Zr
5-10%(4.5%Co/CNT))-40%HZSM-5＞Cu8Zn2Zr5-40%HZSM-5＞Cu8Zn2Zr5。这个顺
序与相应催化剂上以表面 Cu0 作为基准的 CO2 加氢的转化频率实验值的高低顺
序相一致。这个结果也为“表面 Cu0 是负责 CO2 加氢的催化活性 Cu 物种”的论
断提供实验支持。 













                                           摘要 
本文研究结果表明，CO2 加氢制二甲醚双功能催化剂中 HZSM-5 是负责甲醇
脱水二聚生成 DME 的活性中心，能将初级反应生成的甲醇大部分转化为目标产
物二甲醚，克服 CO2 加氢的热力学平衡限制，不仅提高了 CO2 加氢转化率，而




 对 CO2 加氢转化率和二甲醚选择性的显著提高起着重要作用。 
 
关键词: Co 修饰多壁碳纳米管基复合材料； CNT 促进 CuiZnjZrk-氧化物-HZSM













                                           Abstract 
Abstract 
The greenhouse effect caused by carbon dioxide has been recognized as one of 
the most serious globe problems. How to reduce the amount of emitted CO2 and to 
develop making use of CO2 are necessitous issues all around the world. Dimethyl 
ether (DME) can be utilized as civil green fuel and substitute for diesel oil, so 
catalytic hydrogenation of CO2 to produce DME via methanol has been widely 
investigated. 
Methanol synthesis from catalytic hydrogenation of CO2 has been investigated 
for a long time, but this reaction is not favorable thermodynamically (CO2 + 3H2 → 
CH3OH + H2O; H0298K = −49.5 kJ/mol, ΔG0298 K = − 232.6 kJ/mol, ΔG523 K = 46.5 
kJ/mol). The equilibrium conversion of CO2 is extremely low even at a commercially 
desirable operating temperature around 523 K. Combination of the process for 
methanol synthesis with that for methanol conversion (such as dehydration of 
methanol to produce DME: 2CH3OH → CH3OCH3 + H2O, ΔG298 K = –17.17 kJ/mol) 
by using hybrid catalysts would be conducive to overcoming the thermodynamic 
limitation of CO2 hydrogenation-conversion. 
To the other front, multi-walled carbon nanotubes (MWCNTs, simplified as 
CNT), as a noel nano-carbon material, have been drawing increasing attention 
recently. The CNT possesses highly graphitized tube-wall, nano-sized channel and 
sp2-C-constructed surface. They display exceptionally high mechanical strength, high 
thermal/electrical conductivity, medium to high specific surface areas, and excellent 
performance for adsorption and spillover of hydrogen, all of which render this kind of 
nano-structured carbon materials full of promise to be a novel catalyst carrier and/or 
promoter; modification of some transition-metals to CNT might further improve their 
performance for adsorbing and activating hydrogen, as well as promoting H-adspecies 
spillover.   
In this dissertation, a type of hybrid catalysts of the Co-decorated CNT-pr
omoted CuZnZr-oxide hybridized with HZSM-5 zeolite molecular sieve, (CuiZnj
Zrk-x%(y%Co/CNT))-z%HZSM-5, were developed. The catalyst displays excellen
t performance for DME synthesis from (CO2+H2) via methanol in heterogeneou
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TPR、H2-TPD、NH3-TPD、CO2-TPD and XPS. The obtained progress in the pr
esent study was briefly described as follows: 
1. “One-pot” two-step catalytic synthesis of DME from (CO2+H2) via CH3OH 
over Co-decorated CNT-promoted CuZnZr-oxide–HZSM-5 hybrid catalysts 
Using the y%Co/CNT as promoter, a type of hybrid catalysts of the Co-decorated 
CNT-promoted CuZnZr-oxide hybridized with HZSM-5 zeolite molecular sieve, 
noted as (CuiZnjZrk-x%(y%Co/CNT))-z%HZSM-5, for “one-pot” two-step catalytic 
synthesis of DME from (CO2+H2) via CH3OH, was prepared by co-precipitation 
method. The catalyst displayed excellent performance for CO2 hydrogenation to 
dimethyl ether via methanol. Over a (Cu8Zn2Zr5-10%(4.5%Co/CNT))-40%HZSM-5 
catalyst under reaction conditions of 5.0 MPa, 523K, V(H2):V(CO2):V(N2) = 69:23:8, 
GHSV = 20000 mLSTP/(h•gcat), the observed turnover frequency (TOF) of CO2 
hydrogenation reached 5.62×10–3 s–1. This value was 1.28 and 1.13 times that 
(4.26×10–3 s–1 and 4.96×10–3 s–1) of the CNT-free mono-functional catalyst Cu8Zn2Zr5 
and the CNT-free bi-functional hybrid catalyst Cu8Zn2Zr5-40%HZSM-5, respectively, 
under the same reaction conditions. The selectivity of DME in the CO2 hydrogenation 
products reached ~80%, with corresponding STY reached 343 mg/(h•g-cat). 
Characterization of the catalysts showed that Cu-Zn-Zr was the hydrogenation activity 
center of the catalyst, while HZSM-5 was the dewater center, on which methanol 
converted to DME. Excellent capability of Co-CNT adsorbing and activating H2 
played an important role in facilitating the increase of rate of surface CO2 
hydrogenation reactions. 
2.  Characterization of Co-decorated CNT-promoted CuZnZr-oxide-HZSM-5 
hybrid catalysts 
H2-TPD tests of the pre-reduced catalysts revealed that Co-decorated CNT-
containing catalyst could adsorb considerable greater amount of hydrogen, comp
ared to the CNT-free substrate systems. The ratio of relative area-intensities of 
the H2-TPD profiles taken on the three H2-prereduced catalysts in the temperat
ure region of 473~723 K was: S(Cu8Zn2Zr5-10%(4.5%Co/CNT)-40%HZSM-5) : S(Cu8Zn2Zr5-40%H
ZSM-5) :S(Cu8Zn2Zr5) = 100:96:45. This sequence was in line with the sequence of
 reactivity of CO2 hydrogenation over these catalysts. 
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cid sites on the surface of hybrid catalysts, Cu8Zn2Zr5-40%HZSM-5 & (Cu8Zn2
Zr5-10%(4.5%Co/CNT))-40%HZSM-5. Compared to HZSM-5, the acid strength 
in higher temperature region corresponding to strong acidity of the hybrid catal
yst decreased (peak position moved from 753 K to 633 K), while the amount 
of strong acid sites increased greatly, indicating that there are some interactions
 between HZSM-5 and Cu8Zn2Zr5-oxides. Those strong acid sites with higher s
urface acid concentration and appropriate acidity encourage not only the dehydr
ation of methanol to DME but also the desorption of adsorbed H2O molecules,
 so as to recover acid sites on the surface of the catalysts. The mid-strong aci
d sites related with NH3-desorbed species in the temperatur region of 473K-82
3K is of catalytic importance under reaction conditions.  The relative area-inten
sity ratio corresponding to such kind of surface mid-strong acid sites for the th
ree catalysts was estimated to be: S(Cu8Zn2Zr5-10%(4.5%Co/CNT))-40%HZSM-5 / SCu8Zn2Zr5-40
%HZSM-5 / SCu8Zn2Zr5 = 100/95/33. This suggested that the sequence of increasing
 concentration of surface mid-strong acid sites on the catalysts was (Cu8Zn2Zr5-
10%(4.5%Co/CNT))-40%HZSM-5 > Cu8Zn2Zr5-40%HZSM-5 > Cu8Zn2Zr5, in lin
e with the observed sequence of reaction activity and selectivity of DME synth
esis from (CO2+H2) via methanol over these catalysts. 
The XRD measurement revealed that in the functioning catalysts，the metal Cu 
component existed mainly in the forms of Cux0 (2θ = 43.4°, 50.4° and 74.1°), and the 
presence of crystallite phase of ZrO2 could not be excluded, while the content of 
ZnO-phase was under the XRD-detection limit. The HZSM-5-phase (2θ = 14.8°, 
23.0°, 23.8°, 29.2°, 29.8°) was detected in the catalysts of Cu8Zn2Zr5-40%HZSM-5 
and (Cu8Zn2Zr5-10%(4.5%Co/CNT))-40%HZSM-5; while the CNT-phase (2θ = 26.1°) 
was observed only in the catalyst of (Cu8Zn2Zr5-10%(4.5%Co/CNT))-40%HZSM-5.  
XPS post-analysis of the tested catalysts showed that no marked difference
 in the Zn(2p) and Zr(3d) spectra but certain difference in the Cu(2p) spectra 
existed among the three tested catalysts in the position and shape as well as r
elative intensity of the XPS peaks associated with the Zn, Zr and Cu species, 
respectively. At the surface of functioning catalysts，the observed Zn-species all
 were in +2 valence-state，with the corresponding binding energy (B.E.) of Zn2
+(2p3/2) at 1022.3 eV, while the Zr-species all were in +4 valence-state，with t
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d 184.7eV. The observed Cu species were major in Cu0, secondary in Cu+, wit
h the corresponding binding energy (B.E.) of Cu0 (2p3/2, 2p1/2) and Cu+ (2p3/2, 
2p1/2) at 932.7/952.6 and 931.9/951.7eV (B.E.), respectively. The ratio of the m
olar percentage of Cu0-species in the total Cu-amount at the surface of the thr
ee tested catalysts was (Cu8Zn2Zr5-10%(4.5%Co/CNT))-40%HZSM-5 ：Cu8Zn2Zr
5-40%HZSM-5 ：Cu8Zn2Zr5 =75.8 ：72.2 ：67.8, this sequence being in line w
ith the sequence of conversion of CO2 hydrogenation over the three catalysts. 
This result also provided a strong support to the suggestion that the surface C
u0 was the catalytically active Cu-species responsible for CO2 hydrogenation.  
3. Nature of the promoter action by CNT-based additive 
It was experimentally found that appropriate incorporation of a minor amount of 
the Co-decorated CNT into the CuZnZr-oxides-HZSM-5 host catalyst did not cause a 
marked change in the apparent activation energy (Ea) for CO2 hydrogenation reaction, 
implying that the addition of a minor amount of the Co-decorated CNT into the 
CuZnZr-oxides-HZSM-5 did not alter the major reaction pathway of CO2 
hydrogenation to DME.  
The H2-TPD comparative investigation showed that the addition of a proper 
amount of the Co-decorated CNT into the CuZnZr-oxides-HZSM-5 host catalyst led 
to a considerable increase in its hydrogen-adsorbing capacity, which would be in 
favor of generating a surface micro-environment with higher stationary-state 
concentration of hydrogen-adspecies at the surface of the functioning catalyst, thus 
increasing the TOF of CO2-hydrogenation.  
 
Key words: Co-decorated MWCNTs; Co-decorated CNT-promoted CuiZnjZrk-oxi
de–HZSM-5 hybrid catalysts; CO2 hydrogenation; DME synthesis.
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